Enhancing Thermal Comfort in a Room Using Natural Ventilation, Phase Change Materials and Green Wall Biofilters by Abdo, Peter
 
Enhancing Thermal Comfort in a Room Using 
Natural Ventilation, Phase Change Materials 







A thesis submitted in fulfillment of the requirements for the degree of 
Doctor of Philosophy 
 
 
School of Mechanical and Mechatronic Engineering 
Faculty of Engineering and Information Technology 





Certificate of Original Authorship 
I, Peter Abdo declare that this thesis, is submitted in fulfilment of the requirements for 
the award of Doctor of Philosophy, in the School of Mechanical and Mechatronic Engineering 
/ Faculty of Engineering and Information Technology at the University of Technology Sydney. 
This thesis is wholly my own work unless otherwise reference or acknowledged. In 
addition, I certify that all information sources and literature used are indicated in the thesis. 
This document has not been submitted for qualifications at any other academic 
institution. 









I would like to express my deep respect and appreciation for my supervisor Dr. B. Phuoc 
Huynh. He has provided me with efficient guidance, continuous support and constant 
encouragement. I also appreciate the help and advice provided by my co-supervisor Dr. Thanh 
Nguyen.  
 
I would like to thank Mrs. Rahil Taghipour for her help with the computational work using 
Ansys Fluent. Her significant contribution is highly regarded and appreciated. 
 
I would like to acknowledge the cooperation with Dr. Fraser Torpy and Dr. Peter Irga of the 
Plants and Environmental Quality Research Group, Faculty of Science, University of 
Technology Sydney. Our work together with the green wall modules has been successful and 
had generated several journal articles and peer reviewed conference proceedings. I would also 
like to thank Mr. Jock Gammon of Junglefy Pty Ltd. (www.junglefy.com.au) for providing the 
green wall modules and fans needed for experiments. 
 
It is my pleasure to express my warm thanks to the mechanical engineering laboratory staff for 
their help and support with my experimental work, namely Mr. Vahik Avakian, Mr. Laurence 
Stonard and Mr. Jack Liang. I also acknowledge the help of Mr. Peter Tawadros, the mechanical 
engineering laboratory manager. 
 
I would like to express my gratitude to all those who helped me throughout my PhD study 
specially Dr. Ali Braytee for his contribution with the statistical analysis, Dr. Yuhan Huang for 
his advice during the preparation of the three dimensional models for computations and Mr. 
Kyle Gabriel for creating the Raspberry Pi software and adjusting it several times as per our 
needs. 
 




























List of publications 
Following is a list of journal articles, peer reviewed conference proceedings and reports 




1. Abdo, P., Taghipour, R. & Huynh, B. P. (2019). Three Dimensional Simulation of Wind 
Driven Ventilation through a Windcatcher with Different Inlet Designs, ASME Journal of 
Thermal Science and Engineering Applications. (Revision Under review) 
2. Abdo, P., Huynh, B. P., Irga, P. J., & Torpy, F. R. (2019). Evaluation of air flow through an 
active green wall biofilter. Urban Forestry and Urban Greening, 41, 75-84. 
doi:10.1016/j.ufug.2019.03.013 
3. Pettit, T., Irga, P. J., Abdo, P., & Torpy, F. R. (2017). Do the plants in functional green walls 
contribute to their ability to filter particulate matter?. Building and Environment, 125, 299-
307. doi:10.1016/j.buildenv.2017.09.004 
4. Irga, P. J., Paull, N. J., Abdo, P., & Torpy, F. R. (2017). An assessment of the atmospheric 
particle removal efficiency of an in room botanical biofilter system. BUILDING AND 
ENVIRONMENT, 115, 281-290. doi:10.1016/j.buildenv.2017.01.035 
5. Irga, P. J., Abdo, P., Zavattaro, M., & Torpy, F. R. (2017). An assessment of the potential 
fungal bioaerosol production from an active living wall. BUILDING AND 
ENVIRONMENT, 111, 140-146. doi:10.1016/j.buildenv.2016.11.004 
 
Peer Reviewed Conference Proceedings 
 
6. Abdo, P., Huynh, B. P., Braytee A., & Taghipour, R. (2019). EFFECT OF PHASE 
CHANGE MATERIAL ON TEMPERATURE IN A ROOM FITTED WITH A 
WINDCATCHER. In Proceedings of the ASME 2019 International Mechanical 
Engineering Congress and Exposition (IMECE2019). Salt Lake City, UT, USA: The 




7. Abdo, P., Taghipour, R., & Huynh, B. P. (2019). THREE DIMENSIONAL SIMULATION 
OF THE EFFECT OF WINDCATCHER`S INLET SHAPE. In Proceedings of the ASME 
- JSME - KSME Joint Fluids Engineering Conference 2019. San Francisco, CA, USA 
8. Abdo, P., Taghipour, R., & Huynh, B. P. (2019). THREE DIMENSIONAL SIMULATION 
OF VENTILATION FLOW THROUGH A SOLAR WINDCATCHER. In Proceedings of 
the ASME - JSME - KSME Joint Fluids Engineering Conference 2019. San Francisco, CA, 
USA. 
9. Abdo, P., Taghipour, R., & Huynh, B. P. (2018). Simulation of Buoyancy Driven and 
Winddriven Ventilation Flow in a Three Dimensional Room Fitted with a Windcatcher. In 
T. C. W. Lau, & R. M. Kelso (Eds.), Proceedings of the 21st Australasian Fluid Mechanics 
Conference. Adelaide, Australia: The Australasian Fluid Mechanics Society. 
10. Abdo, P., Huynh, B. P., & Avakian, V. (2018). EFFECT OF GREEN WALL MODULES 
ON AIR TEMPERATURE AND HUMIDITY. In Proceedings of the ASME 2018 5th Joint 
US-European Fluids Engineering Division Summer Meeting (FEDSM2018). Montreal, 
Quebec, Canada: The American Society of Mechanical Engineers (ASME). 
doi:10.1115/FEDSM2018-83139 
11. Taghipour, R., Abdo, P., & Huynh, B. P. (2018). Effect of Wind Speed on Ventilation 
Flow Through a Two Dimensional Room Fitted With a Windcatcher. In Proceedings of 
the ASME 2018 International Mechanical Engineering Congress and Exposition 
(IMECE2018). Pittsburgh, PA, USA: The American Society of Mechanical Engineers 
(ASME). doi:10.1115/imece2018-88666 
12. Abdo, P., Taghipour, R., & Huynh, B. P. (2018). EFFECT OF WINDCATCHER’S INLET 
SHAPE ON VENTILATION FLOW THROUGH A TWO DIMENSIONAL ROOM. In 
Proceedings of the ASME 2018 5th Joint US-European Fluids Engineering Division 
Summer Meeting (FEDSM2018). Montreal, Quebec, Canada: The American Society of 
Mechanical Engineers (ASME). doi:10.1115/FEDSM2018-83141 
13. Abdo, P., Huynh, B. P., & Avakian, V. (2018). Effect of Fan Speed on Air Flow through 
a Green Wall Module. In Proceedings of the ASME 2018 5th Joint US-European Fluids 
Engineering Division Summer Meeting (FEDSM2018). Montreal, Quebec, Canada: The 
American Society of Mechanical Engineers (ASME). doi:10.1115/FEDSM2018-83199 
14. Abdo, P., & Huynh, B. P. (2018). Effect of passive green wall modules on air temperature 
and humidity. In ASME International Mechanical Engineering Congress and Exposition, 
Proceedings (IMECE) Vol. 7. Pittsburgh, Pennsylvania. doi:10.1115/IMECE2018-86963 
vii 
 
15. Abdo, P., Huynh, B. P., & Avakian, V. (2017). Distribution of Air Flow through a Green 
Wall Module. In ASME 2017 Fluids Engineering Division Summer Meeting Vol. 1B. 
Waikoloa, Hawaii, USA. doi:10.1115/FEDSM2017-69134 
16. Abdo, P., & Huynh, B. P. (2017). Effect of combining buoyancy driven and winddriven 
ventilation in a two dimensional room fitted with a windcatcher. In ASME International 
Mechanical Engineering Congress and Exposition, Proceedings (IMECE) Vol. 7 (pp. 1-
7). USA: AMSE. doi:10.1115/IMECE2017-70212 
17. Abdo, P., Huynh, B. P., Avakian, V., Nguyen, T. T., Gammon, J., Torpy, F. R., & Irga, P. 
J. (2016). Measurement of air flow through a green-wall module. In Proceedings of the 
20th Australasian Fluid Mechanics Conference. Perth: Australasian Fluid Mechanics 
Society. 
Reports 
18. Irga, P. J., Paull, N. J., Abdo, P., Huynh, B. P., Avakian, V., Nguyen, T., & Torpy, F. 
(2017). DEVELOPING THE JUNGLEFY BREATHING WALL FOR ENHANCED 
INDOOR AIR QUALITY REMEDIATION. Sydney, Australia. 
19. Pettit, T., Irga, P., Abdo, P., Huynh, B., Stephen, J., & Torpy, F. R. (2017). 
DEVELOPMENT AND AUGMENTATION THE JUNGLEFY BREATHING WALL. 
Sydney, Australia: UTS. 
viii 
 
Table of Contents 
Certificate of Original Authorship ..................................................................................... ii 
Acknowledgements ......................................................................................................... iii 
List of publications ............................................................................................................ v 
Journal articles ......................................................................................................................... v 
Peer Reviewed Conference Proceedings .................................................................................... v 
Reports .................................................................................................................................. vii 
List of Tables ................................................................................................................... xii 
List of Figures ................................................................................................................. xiv 
Nomenclature ................................................................................................................ xix 
Abstract ......................................................................................................................... xxi 
Chapter 1 Introduction ...................................................................................................... 1 
1.1 Global warming and building design .................................................................................... 1 
1.2 Natural ventilation .............................................................................................................. 2 
1.2.1 Natural ventilation in an urban environment ........................................................................................ 2 
1.2.2 Winddriven and Buoyancy driven ventilation ........................................................................................ 2 
1.3 The windcatcher ................................................................................................................. 4 
1.3.1 Windcatcher’s components ................................................................................................................... 4 
1.3.2 Combined winddriven and buoyancy driven ventilation ....................................................................... 6 
1.4 Green walls ......................................................................................................................... 7 
1.5 Phase change material ........................................................................................................ 9 
1.6 Research significance .......................................................................................................... 9 
1.7 Research objectives and contribution to knowledge ........................................................... 11 
1.8 Research methodology ...................................................................................................... 12 
1.8.1 Objective 1 research methodology ...................................................................................................... 12 
1.8.1.1 Effect of windcatcher’s inlet shape on ventilation flow through a two dimensional room .......... 13 
1.8.1.2 Effect of combining buoyancy driven and winddriven ventilation in a two dimensional room 
fitted with a windcatcher .......................................................................................................................... 15 
1.8.1.3 Effect of windcatcher’s inlet shape on ventilation flow through a three dimensional room ........ 18 
1.8.1.4 Simulation of Buoyancy Driven and Winddriven Ventilation Flow in a Three Dimensional Room 
Fitted with a Windcatcher ........................................................................................................................ 20 
1.8.2 Objective 2 research methodology ...................................................................................................... 21 
1.8.3 Objective 3 research methodology ...................................................................................................... 23 
1.9 Thesis structure ................................................................................................................. 25 
Chapter 2 Literature Review ............................................................................................ 27 
2.1 The role of ventilation in buildings ..................................................................................... 27 
2.1.1 Ventilation and Health ......................................................................................................................... 27 
2.1.2 Ventilation and thermal comfort ......................................................................................................... 27 
2.1.3 Ventilation and cooling ........................................................................................................................ 28 
2.2. Natural ventilation ........................................................................................................... 29 
ix 
 
2.2.1 Types of natural ventilation ................................................................................................................. 29 
2.2.1.1 Wind driven ventilation ................................................................................................................ 29 
2.2.1.2 Stack driven ventilation ................................................................................................................ 31 
2.2.2 Natural Ventilation and indoor air quality ........................................................................................... 33 
2.2.2.1 Volatile Organic Compounds......................................................................................................... 34 
2.2.2.2 Inorganic gases .............................................................................................................................. 34 
2.2.3 The windcatcher .................................................................................................................................. 35 
2.2.3.1 Windcatcher’s function ................................................................................................................. 35 
2.2.4 Solar chimney ...................................................................................................................................... 37 
2.2.4.1 Design elements of solar chimney ................................................................................................ 38 
2.2.5 Computational Fluid Dynamics (CFD) .................................................................................................. 39 
2.2.5.1 CFD Techniques for Turbulence Models........................................................................................ 40 
2.2.5.2 Different RANS CFD methods ........................................................................................................ 41 
2.2.5.3 CFD and Finite Volume Method .................................................................................................... 43 
2.2.6 Review about windcatcher’s in the literature ...................................................................................... 43 
2.2.6.1 Windcatchers performance .......................................................................................................... 43 
2.2.6.2 Windcatcher based on a combined winddriven and buoyancy driven ventilation ....................... 45 
2.3 Green Walls ...................................................................................................................... 46 
2.3.1 Introduction ......................................................................................................................................... 46 
2.3.2 The breathing wall ............................................................................................................................... 48 
2.3.3 Green wall module design ................................................................................................................... 49 
2.3.4 Plants as biofilters and botanical air cleaning ...................................................................................... 49 
2.3.5 Green walls and air quality .................................................................................................................. 50 
2.3.6 Green walls and acoustic comfort........................................................................................................ 51 
2.3.7 Green walls and energy savings ........................................................................................................... 52 
2.3.8 Gap in knowledge ................................................................................................................................ 53 
2.4 Phase Change Material ...................................................................................................... 54 
2.4.1 Phase Change Material working principle ........................................................................................... 54 
2.4.2 Types of Phase Change Material .......................................................................................................... 55 
2.4.3 Phase Change Material research trend ................................................................................................ 57 
2.4.4 Review about PCM and buildings ........................................................................................................ 59 
2.5 Summary .......................................................................................................................... 59 
Chapter 3 Simulation of ventilation flow through a room fitted with a windcatcher......... 61 
3.1 Effect of windcatcher’s inlet shape on ventilation flow through a two dimensional room .... 64 
3.1.1 Introduction ......................................................................................................................................... 64 
3.1.2 Modelling and Computation ................................................................................................................ 66 
3.1.2.1 Wind driven ventilation ................................................................................................................ 66 
3.1.2.2 Meshing of the two dimensional model and grid convergence.................................................... 67 
3.1.2.3 Simulation properties and boundary conditions .......................................................................... 69 
3.1.3 Results and discussion ......................................................................................................................... 71 
3.1.3.1 Results for inlet type A – uniform inlet ......................................................................................... 71 
3.1.3.2 Results for inlet type B – divergent inlet ....................................................................................... 73 
3.1.3.3 Results for inlet type C – bulging convergent inlet ....................................................................... 75 
3.1.3.4 Summary and discussion .............................................................................................................. 77 
3.1.4 Conclusion ........................................................................................................................................... 78 
3.2 Effect of combining buoyancy driven and winddriven ventilation in a two dimensional room 
fitted with a windcatcher ........................................................................................................ 79 
3.2.1 Introduction ......................................................................................................................................... 79 
3.2.2 Modelling and Computation ................................................................................................................ 80 
3.2.2.1 Surrounding domain ..................................................................................................................... 80 
3.2.2.2 Meshing the model and grid convergence ................................................................................... 81 
3.2.2.3 Simulation properties and boundary conditions .......................................................................... 82 
3.2.3 Results and discussion ......................................................................................................................... 84 
x 
 
3.2.3.1 Results for winddriven ventilation alone ...................................................................................... 85 
3.2.3.2 Results for combined buoyancy driven and winddriven ventilation ............................................. 88 
3.2.3.3 Temperature at the windcatcher outlet due to heat flux applied ................................................. 90 
3.2.4 Conclusion ........................................................................................................................................... 91 
3.3 Effect of windcatcher’s inlet shape on ventilation flow through a three dimensional room .. 93 
3.3.1 Introduction ......................................................................................................................................... 93 
3.3.2 Computational domain and boundary conditions ............................................................................... 95 
3.3.3 Meshing the 3D model and grid convergence ..................................................................................... 96 
3.3.4 Simulation properties .......................................................................................................................... 97 
3.3.5 Results and discussion ......................................................................................................................... 98 
3.3.5.1 Inlet wind velocity at 3 m/s and inlet type A (uniform Inlet) ........................................................ 98 
3.3.5.2 Inlet wind velocity at 3 m/s and Inlet type B (Divergent Inlet) ................................................... 102 
3.3.5.3 Inlet wind velocity at 3 m/s and Inlet type C (Bulging-convergent Inlet) .................................... 106 
3.3.5.4 Summary of Results with inlet wind velocity at 3 m/s ................................................................ 108 
3.3.5.5 Results with various inlet wind velocities ................................................................................... 109 
3.3.5.6 Results with inlet velocity at 6 m/s ............................................................................................. 110 
3.3.5.7 Summary of results with inlet velocity at 1, 2 and 6 m/s ............................................................ 112 
3.3.6 Validation of simulations with 3 m/s inlet velocity ............................................................................ 114 
3.3.7 Conclusion ......................................................................................................................................... 115 
3.4 Effect of combining buoyancy driven and winddriven ventilation in a three dimensional room 
fitted with a windcatcher ...................................................................................................... 116 
3.4.1 Introduction ....................................................................................................................................... 116 
3.4.2 Computational domain and boundary conditions ............................................................................. 117 
3.4.3 Meshing the 3D model and grid convergence ................................................................................... 118 
3.4.4 Simulation properties ........................................................................................................................ 119 
3.4.5 Results and discussion ....................................................................................................................... 121 
3.4.5.1 Results with zero wind speed applied at the domains inlet ....................................................... 121 
3.4.5.2 Results with 0.25 m/s wind speed applied at the domains inlet ................................................ 122 
3.4.5.3 Results with 0.5 m/s wind speed applied at the domains inlet .................................................. 122 
3.4.5.4 Results with 0.75 m/s wind speed applied at the domains inlet ................................................ 123 
3.4.5.5 Results with 2 m/s wind speed applied at the domains inlet ..................................................... 124 
3.4.5.6 Summarized results with the applied wind speed at the domains inlet ..................................... 124 
3.4.6 Conclusions ........................................................................................................................................ 126 
Chapter 4 The effect of green walls on ventilation and on thermal comfort ................... 128 
4.1 Evaluation of air flow through an active green wall biofilter ............................................. 128 
4.1.1 Introduction ....................................................................................................................................... 128 
4.1.2 Active green wall biofilter design....................................................................................................... 129 
4.1.3 Performance characterization and experimental design ................................................................... 130 
4.1.4 Data analysis and calculation hypothesis........................................................................................... 138 
4.1.5 Measurement of air flow through the active green wall module ...................................................... 139 
4.1.5.1 Effect of plant roots on air flow through the module ................................................................. 140 
4.1.5.2 Effect of boundary layer on the air flow through the wet versus dry module ............................ 142 
4.1.6 Air flow distribution through the module .......................................................................................... 143 
4.1.7 Effect of introducing a top cover to the module ................................................................................ 146 
4.1.8 Energy consideration ......................................................................................................................... 148 
4.1.9 Conclusion ......................................................................................................................................... 150 
4.2 Effect of fan speeds on air flow through an active green wall biofilter ............................... 152 
4.2.1 Introduction ....................................................................................................................................... 152 
4.2.2 Materials and methods ...................................................................................................................... 152 
4.2.3 Results and discussion ....................................................................................................................... 155 
4.2.4 Conclusion ......................................................................................................................................... 160 
4.3 Effect of Green Walls on Air Temperature and Humidity ................................................... 161 
4.3.1 Introduction ....................................................................................................................................... 161 
xi 
 
4.3.2 Experimental design for active green walls (Breathing Wall) ............................................................ 161 
4.3.3 Experimental design for passive green walls ..................................................................................... 168 
4.3.4 Results for active green walls (Breathing Wall) .................................................................................. 169 
4.3.5 Results for passive green walls .......................................................................................................... 175 
4.3.6 Conclusion ......................................................................................................................................... 179 
Chapter 5 The effect of PCM incorporated in windcatcher ............................................. 181 
5.1 Introduction .................................................................................................................... 181 
5.2 Materials and Devices ..................................................................................................... 181 
5.2.1 Acrylic chamber fitted with a windcatcher ........................................................................................ 182 
5.2.2 Plywood for insulating the acrylic chamber ....................................................................................... 185 
5.2.3 Phase change material (PCM) used in this study ............................................................................... 186 
5.2.4 Generation of air flow - Hot Box Fan and ducts ................................................................................. 190 
5.2.4.1 Air velocity across the duct ......................................................................................................... 192 
5.2.5 Sensors and Data acquisition system ................................................................................................. 193 
5.2.5.1 Air velocity sensors ..................................................................................................................... 194 
5.2.5.2 Set up for data acquisition system .............................................................................................. 197 
5.3 Methods ......................................................................................................................... 197 
5.3.1 Chamber’s location with respect to the duct’s outlet........................................................................ 198 
5.3.2 Discharging process (Cooling of air) ................................................................................................... 199 
5.3.3 Charging process (Solidification of PCM) ........................................................................................... 199 
5.3.4 Statistical analysis .............................................................................................................................. 200 
5.4 Results ............................................................................................................................ 201 
5.4.1 Temperature variation during discharging process with stage1 heating element ............................. 202 
5.4.2 Temperature variation during discharging process with stage 2 heating element ............................ 210 
5.4.3 Temperature variation during discharging process with stage1 heating element and room location 
closer to fan ................................................................................................................................................ 216 
5.4.4 Temperature variation during discharging process with stage2 heating element and room location 
closer to fan ................................................................................................................................................ 221 
5.4.5 Effect of chamber location on temperature variation during discharging process ............................ 225 
5.4.6 Humidity variation during discharging process with stage 2 heating element .................................. 227 
5.4.7 Temperature variation during charging process (solidification of PCM) ............................................ 235 
5.4.8 Air Velocity inside the chamber ......................................................................................................... 243 
5.5 Conclusion ...................................................................................................................... 246 
Chapter 6 Summary and conclusions ............................................................................. 248 
6.1 Summary ........................................................................................................................ 248 
6.2 Conclusion ...................................................................................................................... 254 
6.3 Limitations and recommendations for future work ........................................................... 256 
References .................................................................................................................... 258 





List of Tables 
Table 3-1. Mesh convergence study at a point 1 m high and located at 3 m from the room’s left wall ................ 69 
Table 3-2. Average velocity for the three types of inlets ....................................................................................... 78 
Table 3-3. Total flow rate at 4.1 m cut for the three inlet shapes and the percentage increase of the divergent inlet 
compared to uniform and bulging-convergent ...................................................................................................... 78 
Table 3-4. Average velocity magnitude for winddriven only and for combined buoyancy and winddriven 
ventilation with the increase in total air flow. ....................................................................................................... 90 
Table 3-5. Temperature differences with respect to heat flux ............................................................................... 91 
Table 3-6. Mesh convergence study at a point 1 m high and located at 3 m from the room’s left wall ................ 97 
Table 3-7. Average air velocity for the three inlet types at 3 m/s ........................................................................ 108 
Table 3-8. Total air flow rate at 4.1 m surface for the three inlet types and the corresponding percentage increase 
of the divergent inlet ........................................................................................................................................... 108 
Table 3-9. Average air velocity for the three inlet types at 6 m/s ........................................................................ 113 
Table 3-10. Total air flow rate at 4.1 m cut for the three inlet shapes and the corresponding percentage increase of 
the divergent inlet ............................................................................................................................................... 113 
Table 3-11. Comparison of our simulation results with Niktash and Huynh, 2014. ........................................... 115 
Table 3-12. Mesh convergence study at a point 1 m high and located at 3 m from the room’s left wall ............ 118 
Table 3-13. Mesh convergence study at a point 6 m high and located at 5 m from the room’s left wall ............ 118 
Table 3-14. Air flow rate and % increase through the windcatcher for winddriven only and for combined solar 
windcatcher at different wind speeds .................................................................................................................. 125 
Table 4-1. General specifications of hot wire anemometer ................................................................................. 133 
Table 4-2. Blocked funnel patterns. .................................................................................................................... 136 
Table 4-3. Pressure difference and airflow rate for dry and wet planted and unplanted modules....................... 139 
Table 4-4. Air flow versus pressure for dry and wet planted and unplanted module for patterns with blocked large 
funnels. ............................................................................................................................................................... 143 
Table 4-5. Air flow versus pressure for dry and wet planted and unplanted module for patterns with blocked small 
funnels. ............................................................................................................................................................... 144 
Table 4-6. Summary for Dry Unplanted Module Values with top cover pattern D installed. ............................. 148 
Table 4-7. Fan speeds and pressure differential corresponding to different voltages applied ............................. 156 
Table 4-8. Values for pressure differential and total flow rate corresponding to different fan speeds ................ 156 
Table 4-9. Plant species used in this experiment ................................................................................................ 167 
Table 4-10. Average temperature values recorded by BME sensors for different plant species ......................... 170 
Table 4-11. Average humidity values recorded by BME sensors for different plant species .............................. 170 
Table 4-12. Average temperature values recorded by BME sensors for unplanted module ................................ 173 
Table 4-13. Average humidity values recorded by BME sensors for unplanted module .................................... 173 
Table 4-14. Pressure difference across the modules and corresponding total air flow rate ................................ 175 
Table 4-15. Average temperature values recorded by BME sensors for different plant species ......................... 176 
Table 4-16. Average humidity values recorded by BME sensors for different plant species .............................. 176 
Table 5-1 Air velocity across the duct and straightener corresponding to Hot Box Fan speed ........................... 192 
Table 5-2 Total flow rate Q and average velocity through the windcatcher during discharging ......................... 201 
Table 5-3 Temperature readings for empty chamber (No PCM) with stage 1 heating element .......................... 203 
Table 5-4 Average temperature in the chamber for the different models with stage 1 heating element .............. 207 
Table 5-5 Average temperature in the chamber for the different models with stage 2 heating element .............. 214 
Table 5-6 Average temperature in the chamber located closer to fan with stage 1 heating element ................... 218 
Table 5-7 Average temperature in the chamber located closer to fan with stage 1 heating element ................... 222 
Table 5-8 Average temperature in the chamber at both locations with stage 2 heating element ......................... 225 
Table 5-9 Average humidity in the chamber for the different models with stage 2 heating element .................. 233 
Table 5-10 Average temperature during solidification in the chamber for the different models ......................... 240 
Table 5-11 Average velocity inside the chamber during discharging .................................................................. 243 
Table 5-12 Average velocity inside the chamber during charging process ......................................................... 245 
Table A-0-1 Temperature readings for chamber with PCM Walls and stage 1 heating element ......................... 265 
Table A-0-2 Temperature readings for chamber with PCM Floor and Walls and stage 1 heating element ......... 266 
Table A-0-3 Temperature readings for chamber with PCM full and stage 1 heating element ............................ 266 
Table A-0-4 Temperature readings for chamber with PCM full plus windcatcher and stage 1 heating element 267 
Table A-0-5 Temperature readings for empty chamber (No PCM) with stage 2 heating element ...................... 268 
Table A-0-6 Temperature readings for chamber with PCM Walls and stage 2 heating element ......................... 268 
Table A-0-7 Temperature readings for chamber with PCM Floor and Walls and stage 2 heating element ......... 269 
xiii 
 
Table A-0-8 Temperature readings for chamber with PCM full and stage 2 heating element ............................ 269 
Table A-0-9 Temperature readings for chamber with PCM full plus windcatcher and stage 2 heating element 270 
Table A-0-10 Temperature readings for empty chamber (No PCM) with stage 1 heating element and room located 
closer to fan ........................................................................................................................................................ 271 
Table A-0-11 Temperature readings for chamber with PCM full plus windcatcher with stage 1 heating element 
and room located closer to fan ............................................................................................................................ 271 
Table A-0-12 Temperature readings for empty chamber (No PCM) with stage 2 heating element and room located 
closer to fan ........................................................................................................................................................ 272 
Table A-0-13 Temperature readings for chamber with PCM full plus windcatcher with stage 2 heating element 
and room located closer to fan ............................................................................................................................ 272 
Table A-0-14 Humidity readings for empty chamber (No PCM) with stage 2 heating element ......................... 273 
Table A-0-15 Humidity readings for chamber with PCM Walls and stage 2 heating element ............................ 273 
Table A-0-16 Humidity readings for chamber with PCM Floor and Walls with stage 2 heating element .......... 274 
Table A-0-17 Humidity readings for chamber with PCM full with stage 2 heating element .............................. 275 
Table A-0-18 Humidity readings for chamber with PCM full plus windcatcher and stage 2 heating element ... 275 
Table A-0-19 Temperature readings during solidification for empty chamber (No PCM) ................................. 276 
Table A-0-20 Temperature readings during solidification for chamber with PCM Walls ................................... 277 
Table A-0-21 Temperature readings during solidification for chamber with PCM Floor and Walls .................. 277 
Table A-0-22 Temperature readings during solidification for chamber with PCM full ...................................... 278 
Table A-0-23 Temperature readings during solidification for chamber with PCM full plus windcatcher .......... 278 
xiv 
 
List of Figures 
Figure 1-1. Operation of a typical windcatcher (wind-driven ventilation) [10] ...................................................... 3 
Figure 1-2. Operation of a typical solar chimney (buoyancy-driven ventilation) [9] ............................................. 3 
Figure 1-3. Various windcatcher shapes ................................................................................................................. 4 
Figure 1-4. Traditional windcatchers with different number of openings [15] ....................................................... 5 
Figure 1-5. Schematic representation of air movement in a windcatcher combined with a solar chimney [24]..... 6 
Figure 1-6. Schefflera amate green wall module .................................................................................................... 7 
Figure 1-7. Green wall modules with Schefflera arboricola on the left and Chlorophytum comosum ‘variegatum’ 
on the right. ............................................................................................................................................................. 8 
Figure 1-8. BioPCM phase change material used in this study .............................................................................. 9 
Figure 1-9. A two dimensional room fitted with a windcatcher ............................................................................ 13 
Figure 1-10. Types of inlet designs studied A, B and C ........................................................................................ 14 
Figure 1-11. Schematic representation of the room, windcatcher and the surrounding showing the dimensions and 
the direction of the wind ....................................................................................................................................... 15 
Figure 1-12. Two dimensional room fitted with a windcatcher ............................................................................ 16 
Figure 1-13. Schematic representation of the room, windcatcher and the surrounding. ....................................... 17 
Figure 1-14. Heat Flux locations at the internal and external walls of the windcatcher outlet ............................. 17 
Figure 1-15. A three-dimensional room fitted with a windcatcher ....................................................................... 18 
Figure 1-16. Three dimensional schematic of the three types of inlets studied .................................................... 19 
Figure 1-17. Schematic representation of the surrounding domain indicating the wind direction ....................... 20 
Figure 1-18. Temperature locations at the windcatchers outlet applied on the bottom and front surfaces. .......... 21 
Figure 1-19. Green wall module with small funnels ............................................................................................. 22 
Figure 1-20. Set up to monitor effect of Green Wall module on Temperature and humidity ................................ 23 
Figure 1-21. PCM placed on floor, walls and ceiling of the room fitted with a windcatcher ............................... 24 
Figure 2-1. Impact of wind on the windward side and on the leeward side [15] .................................................. 30 
Figure 2-2. Stack ventilation layout [3] ................................................................................................................ 31 
Figure 2-3 - Representation of airflow in stack effect [3] ..................................................................................... 32 
Figure 2-4. Function of a windtower system during day time and night time [15] ............................................... 37 
Figure 2-5. Various forms of solar chimneys [76] ................................................................................................ 38 
Figure 2-6. Indoor installation of a vertical green wall in the FEIT at UTS ......................................................... 47 
Figure 2-7. A recent installation of the Junglefy breathing wall ........................................................................... 48 
Figure 2-8. PCM working principle a) night time charging process, b) day time discharging process [126] ....... 55 
Figure 2-9. Types of Phase Change Materials [51] ............................................................................................... 56 
Figure 2-10. Different PCM products [126] ......................................................................................................... 57 
Figure 2-11. Papers published related to PCMs from 2000 to 2014 in the web of science database [51] ............ 58 
Figure 3-1. A two dimensional room fitted with a windcatcher ............................................................................ 65 
Figure 3-2. Types of inlet design studied A, B and C ........................................................................................... 65 
Figure 3-3. Schematic representation of the room, windcatcher and the surrounding showing the dimensions and 
the direction of the wind ....................................................................................................................................... 67 
Figure 3-4. Quadrilaterals mesh of the model with a uniform inlet ...................................................................... 68 
Figure 3-5. Boundary conditions of the model ..................................................................................................... 70 
Figure 3-6. Cuts used to investigate average velocity magnitude ......................................................................... 71 
Figure 3-7. Velocity magnitude (m/s) of the model with the uniform inlet type A ............................................... 72 
Figure 3-8. Velocity magnitude across the room for the uniform inlet type A at 1.2 m, and at 4.1 m height inside 
the windcatcher. .................................................................................................................................................... 73 
Figure 3-9. Velocity magnitude (m/s) of the room and windcatcher with the divergent inlet Type B .................. 74 
Figure 3-10. Velocity magnitude across the room for the divergent inlet type B at 1.2 m and at 4.1 m height. ... 75 
Figure 3-11. Velocity magnitude (m/s) of the room and windcatcher with the bulging-convergent inlet Type C 76 
Figure 3-12.  Velocity magnitude across the room for the bulging-convergent inlet type C at 1.2 m and at 4.1 m 
height .................................................................................................................................................................... 77 
Figure 3-13. Two dimensional room fitted with a windcatcher ............................................................................ 79 
Figure 3-14. Schematic representation of the room, windcatcher and the surrounding ........................................ 81 
Figure 3-15. Unstructured triangular mesh of the model ...................................................................................... 82 
Figure 3-16. Heat Flux locations at the internal and external walls of the windcatcher outlet ............................. 84 
Figure 3-17. Velocity magnitude representation showing the horizontal and vertical cuts locations ................... 85 
Figure 3-18. Velocity magnitude across the room at 1.2 m height for the winddriven ventilation. ...................... 86 
xv 
 
Figure 3-19. Velocity magnitude with respect to the height of the vertical cut for the winddriven ventilation. Red 
curve is in the room while the pink is inside the windcatcher. ............................................................................. 87 
Figure 3-20. Velocity magnitude across the room at 1.2 m height for the combined buoyancy and winddriven 
ventilation. ............................................................................................................................................................ 88 
Figure 3-21. Velocity magnitude with respect to the height of the vertical cut for the combined buoyancy and 
winddriven ventilation. Blue curve is in the room while the black is inside the windcatcher .............................. 89 
Figure 3-22. Distribution of the temperatures at the windcatcher’s external wall ................................................ 91 
Figure 3-23. Three dimensional schematic of the three types of inlets studied. See Figure 3-2 for detailed 
dimensions ............................................................................................................................................................ 94 
Figure 3-24. A three-dimensional room fitted with a windcatcher ....................................................................... 95 
Figure 3-25. Schematic representation of the surrounding domain indicating the wind direction ....................... 96 
Figure 3-26. Surfaces used to obtain average velocity magnitude - green (at 1.2 m high) and pink (at 4.1 m high)
 .............................................................................................................................................................................. 98 
Figure 3-27. Velocity magnitude contour through the room, windcatcher and surrounding for the inlet Type A with 
3 m/s inlet velocity ............................................................................................................................................... 99 
Figure 3-28. Velocity magnitude contour through the room and windcatcher for the inlet Type A with 3 m/s inlet 
velocity ................................................................................................................................................................. 99 
Figure 3-29. Velocity magnitude contour at a surface at 1.2 m height for the inlet Type A with 3 m/s inlet velocity
 ............................................................................................................................................................................ 100 
Figure 3-30. Velocity magnitude contour at a surface at 4.1 m height for the inlet Type A with 3 m/s inlet velocity
 ............................................................................................................................................................................ 100 
Figure 3-31. Air velocity magnitude through the room for the inlet Type A and at 1.2 m height with 3 m/s inlet 
velocity ............................................................................................................................................................... 101 
Figure 3-32. Air velocity magnitude through the windcatcher`s windtunnel for the inlet Type A and at 4.1 m height 
with 3 m/s inlet velocity ..................................................................................................................................... 101 
Figure 3-33. Air velocity magnitude contour of the room and windcatcher for inlet Type B with 3 m/s inlet velocity
 ............................................................................................................................................................................ 102 
Figure 3-34. Air velocity magnitude streamline of the room and windcatcher for the inlet Type B with 3 m/s inlet 
velocity ............................................................................................................................................................... 103 
Figure 3-35. Air Velocity magnitude streamline through the three dimensional room with 3 m/s inlet velocity - 
Isometric View .................................................................................................................................................... 103 
Figure 3-36. Air velocity magnitude at a surface 1.2 m height for the inlet Type B with 3 m/s inlet velocity ... 104 
Figure 3-37. Velocity magnitude at a surface at 4.1 m high in the wind tunnel for the inlet Type B with 3 m/s inlet 
velocity ............................................................................................................................................................... 104 
Figure 3-38. Velocity magnitude through the room for the inlet type B at 1.2 m high and with 3 m/s inlet velocity
 ............................................................................................................................................................................ 105 
Figure 3-39. Velocity magnitude through the windcatcher`s inlet for the inlet type B at 4.1 m high and with 3 m/s 
inlet velocity ....................................................................................................................................................... 105 
Figure 3-40. Air velocity magnitude streamlines through the room and windcatcher with the inlet Type C and 3 
m/s inlet velocity ................................................................................................................................................ 106 
Figure 3-41. Air velocity magnitude through the room for the inlet type C at 1.2 m high and with 3 m/s inlet 
velocity ............................................................................................................................................................... 107 
Figure 3-42. Air velocity magnitude through the windcatcher`s inlet for the inlet type C at 4.1 m high with 3 m/s 
inlet velocity ....................................................................................................................................................... 107 
Figure 3-43. Air velocity magnitude through the room for the inlet Type B at 1.2 m high and with different inlet 
velocities. ............................................................................................................................................................ 109 
Figure 3-44. Air velocity magnitude through the windcatcher`s inlet for the inlet Type B at 4.1 m high and with 
different inlet velocities ...................................................................................................................................... 110 
Figure 3-45. Contours of Static Pressure for the inlet Type B with 6 m/s inlet velocity..................................... 111 
Figure 3-46. Contours of Static Pressure for the inlet Type A (left) and for the inlet type C (right) with 6 m/s inlet 
velocity ............................................................................................................................................................... 111 
Figure 3-47. Total flow rate at 4.1 m cut for the three inlet shapes .................................................................... 114 
Figure 3-48. Three dimensional room fitted with a windcatcher ........................................................................ 116 
Figure 3-49. Schematic representation of the surrounding domain showing its dimensions and the direction of the 
wind. The room with the windcatcher is shown in blue at its center. ................................................................. 117 
Figure 3-50 Temperature locations at the windcatchers outlet applied on the bottom and front surfaces. ......... 120 
Figure 3-51. Velocity magnitude representation of the room, windcatcher and surrounding with zero wind speed 
at the domain’s inlet ............................................................................................................................................ 121 
Figure 3-52. Velocity magnitude representation of the room and windcatcher with 0.25 m/s wind speed at the 
domain’s inlet ..................................................................................................................................................... 122 
xvi 
 
Figure 3-53. Velocity magnitude representation of the room and windcatcher with 0.5 m/s wind speed at the 
domain’s inlet ..................................................................................................................................................... 123 
Figure 3-54. Velocity magnitude representation of the room and windcatcher with 2 m/s wind speed at the 
domain’s inlet ..................................................................................................................................................... 124 
Figure 3-55. Air flow rate through the windcatcher for winddriven only and for combined solar windcatcher with 
temperature of 350 K and 400 K at different wind speeds ................................................................................. 126 
Figure 4-1. Green wall modules with plant species, Schefflera arboricola on the left and Chlorophytum comosum 
‘variegatum’, used in this study, on the right. ..................................................................................................... 129 
Figure 4-2. A constant-speed FANTECH TEF-100 16-W in-line axial fan ........................................................ 130 
Figure 4-3. Green wall module with funnels attached (16 covering the front openings, 3 on top and 1 at bottom).
 ............................................................................................................................................................................ 132 
Figure 4-4. Hot wire anemometer used to measure air velocity. ........................................................................ 132 
Figure 4-5. Sensirion digital-sensor SDP610 – 125Pa ........................................................................................ 134 
Figure 4-6. Digital-Pressure-Sensor Verification. ............................................................................................... 135 
Figure 4-7. Nomenclature used to identify the different module openings. ........................................................ 136 
Figure 4-8. Top cover patterns. Dimensions are in mm ...................................................................................... 137 
Figure 4-9. Air-flow rate (Q) versus pressure for the four tested cases. ............................................................. 140 
Figure 4-10. Pressure difference across module for different types of plant. Hollow symbols correspond to “raw” 
Pressure Difference [Pa], whereas filled symbols correspond to Pressure normalized with the weight of the “soil” 
bag [Pa/kg]. ......................................................................................................................................................... 142 
Figure 4-11. Schematic of a) plant-growing medium particles in dry state, b) coalesced particles in wet state . 143 
Figure 4-12. Air-flow rate Q versus pressure for dry and wet unplanted modules with large and small funnels 144 
Figure 4-13. Distributions in % of total air-flow rate through the module (without a top cover). ...................... 146 
Figure 4-14. Percentage distributions of total air-flow rate through the module with top cover pattern D. ....... 147 
Figure 4-15. In situ vertical green wall comprised of modules tested in the current study ................................. 150 
Figure 4-16. Green-wall modules with plants, Schefflera amate. ....................................................................... 153 
Figure 4-17. Green-wall module with funnels attached. ..................................................................................... 153 
Figure 4-18. Variac Autotransformer used in this work ...................................................................................... 154 
Figure 4-19. Digitech digital Tachometer QM1448 ............................................................................................ 155 
Figure 4-20. Plot of air flow rate Q versus pressure for the four fan speeds considered .................................... 157 
Figure 4-21. Distribution in % of total air flow rate through the module at 2550 RPM fan speed ..................... 158 
Figure 4-22. Distribution in % of total air flow rate through the module at 2470 RPM fan speed ..................... 158 
Figure 4-23. Distribution in % of total air flow rate through the module at 2380 RPM fan speed ..................... 159 
Figure 4-24. Distribution in % of total air flow rate through the module at 2220 RMP fan speed ..................... 159 
Figure 4-25. Acrylic-sheets chamber with a green wall module (Nephrolepis cordifolia) ................................. 162 
Figure 4-26 Adafruit BME280 Pressue Temperature and humidity sensor ........................................................ 163 
Figure 4-27. Two dimensional schematic of the BME sensors location and their connection with the Raspberry Pi 
through the Multiplexer. ..................................................................................................................................... 164 
Figure 4-28. Raspberry Pi 2 ................................................................................................................................ 164 
Figure 4-29. Vaisala HUMICAP Humidity and Temperature Transmitters HMD60 .......................................... 165 
Figure 4-30. Set up of the chamber indicating the locations of the sensors used. .............................................. 166 
Figure 4-31. Set up of the chamber during passive mode indicating the locations of the sensors used .............. 169 
Figure 4-32. Graph showing temperature readings for Nephropelis exaltata bostoniensis between 6:30 pm and 
11:00 am. ............................................................................................................................................................ 172 
Figure 4-33. Graph showing temperature readings for the unplanted module between midnight and 10:30 pm.
 ............................................................................................................................................................................ 174 
Figure 4-34. Graph showing temperature readings for Schefflera arboricola between 9:15 pm and 6:00 am. .. 178 
Figure 4-35. Graph showing temperature readings for Nematanthus glabra between 9:30 am and 6:00 pm. .... 179 
Figure 5-1. 12 mm acrylic sheets chamber (1250 x 1000 x 750 mm3) with wheels. .......................................... 182 
Figure 5-2. Distribution of 12.7 mm holes found in the right and left side sheets of the chamber. .................... 183 
Figure 5-3. Two sided windcatcher fitted on the acrylic chamber ...................................................................... 184 
Figure 5-4. Three dimensional drawing of the acrylic chamber fitted with a two sided windcatcher ................ 184 
Figure 5-5 Acrylic chamber with plywood placed at the walls and the floor ..................................................... 185 
Figure 5-6. Bio PCM M51 Q24 used in this study ............................................................................................. 186 
Figure 5-7Acrylic chamber with PCM on the floor and walls ............................................................................ 187 
Figure 5-8 Chamber with PCM placed on floor, walls and covering the ceiling ................................................ 188 
Figure 5-9 PCM placed in the windcatcher’s inlet channel ................................................................................ 189 
Figure 5-10 Fan with heating elements control box ........................................................................................... 190 
Figure 5-11 Set up for the Hot Box and ducts .................................................................................................... 191 
Figure 5-12 Straightener ..................................................................................................................................... 192 
xvii 
 
Figure 5-13 Set up shows (In and Out) sensors and the bench at the back where the Computer screen, Rasbperry 
Pi and (Amb) sensor are placed. ......................................................................................................................... 194 
Figure 5-14 Omega air velocity transducer ........................................................................................................ 195 
Figure 5-15 Top view of the chamber showing the locations of the sensors and their related probes. BME sensors 
are indicated in green color, while the air velocity sensors are indicated in red. ................................................ 196 
Figure 5-16 two dimensional schematic of the sensors locations and their connection with the Raspberry Pi 
through the multiplexer and the ADC ................................................................................................................. 197 
Figure 5-17 Chamber location at 850 mm from the duct's outlet. ...................................................................... 198 
Figure 5-18 Set up used for solidification of PCM (charging process) .............................................................. 200 
Figure 5-19 Box plot indicating the average value and the different quartiles ................................................... 200 
Figure 5-20 Temperature plots for empty chamber (No PCM) with stage 1 heating element ............................ 203 
Figure 5-21 Temperature plots for chamber with PCM Walls Only and with stage 1 heating element .............. 204 
Figure 5-22 Temperature plots for chamber with PCM Floor and Walls and with stage 1 heating element ....... 205 
Figure 5-23 Temperature plots for chamber with PCM Full and with stage 1 heating element ......................... 206 
Figure 5-24 Temperature plots for chamber with PCM Full plus windcatcher and with stage 1 heating element
 ............................................................................................................................................................................ 206 
Figure 5-25 Average temperature plots of the Room for all the models with stage 1 heating element. .............. 208 
Figure 5-26 Box plot of the five models with stage 1 heating element. ............................................................. 209 
Figure 5-27 Distribution of temperatures for the five models with stage 1 heating element .............................. 210 
Figure 5-28 Temperature plots for empty chamber (No PCM) with stage 2 heating element ............................ 211 
Figure 5-29 Temperature plots for chamber with PCM Walls Only and with stage 2 heating element .............. 212 
Figure 5-30 Temperature plots for chamber with PCM Floor and Walls and with stage 2 heating element ....... 212 
Figure 5-31 Temperature plots for chamber with PCM Full and with stage 2 heating element ......................... 213 
Figure 5-32 Temperature plots for chamber with PCM Full plus windcatcher and with stage 2 heating element
 ............................................................................................................................................................................ 213 
Figure 5-33 Box plot of the five models with stage 2 heating element .............................................................. 215 
Figure 5-34 Distribution of temperatures for the five models with stage 2 heating element .............................. 216 
Figure 5-35 Temperature plots for empty chamber (No PCM) located closer to fan with stage 1 heating element
 ............................................................................................................................................................................ 217 
Figure 5-36 Temperature plots for chamber with PCM Full plus windcatcher located closer to fan and with stage 
1 heating element ................................................................................................................................................ 218 
Figure 5-37 Average temperature plots of the room located closer to fan with stage 1 heating element. ........... 219 
Figure 5-38 Box plot of the two models with stage 1 heating element and room close to fan ........................... 219 
Figure 5-39 Distribution of temperatures for the two models with stage 1 heating element and room located closer 
to fan ................................................................................................................................................................... 220 
Figure 5-40 Temperature plots for empty chamber (No PCM) located closer to fan with stage 2 heating element
 ............................................................................................................................................................................ 221 
Figure 5-41 Temperature plots for chamber with PCM Full plus windcatcher located closer to fan and with stage 
2 heating element ................................................................................................................................................ 222 
Figure 5-42 Average temperature plots of the room located closer to fan with stage 2 heating element. ........... 223 
Figure 5-43 Box plot of the two models with stage 2 heating element and room located closer to the fan ........ 223 
Figure 5-44 Distribution of temperatures for the two models with stage 2 heating element and room close to fan
 ............................................................................................................................................................................ 224 
Figure 5-45 Box plot comparing temperatures at two locations of the room with stage 2 heating element ....... 226 
Figure 5-46 Distribution of temperatures at two locations of the room with stage 2 heating element ............... 227 
Figure 5-47 Humidity plots for empty chamber (No PCM) with stage 2 heating element ................................. 228 
Figure 5-48 Humidity plots for chamber with PCM Walls Only and with stage 2 heating element ................... 229 
Figure 5-49 Humidity plots for chamber with PCM Floor and Walls and with stage 2 heating element ........... 230 
Figure 5-50 Humidity plots for chamber with PCM Full and with stage 2 heating element .............................. 231 
Figure 5-51 Humidity plots for chamber with PCM Full plus windcatcher and with stage 2 heating element .. 232 
Figure 5-52 Average humidity plots of the room for all the models studied with stage 2 heating element. ....... 233 
Figure 5-53 Box plot of the five models with stage 2 heating element .............................................................. 234 
Figure 5-54 Distribution of humidity for the five models with stage 2 heating element .................................... 235 
Figure 5-55 Temperature plots for empty chamber (No PCM) during charging process .................................... 236 
Figure 5-56 Temperature plots for chamber with PCM Walls Only during charging process ............................ 237 
Figure 5-57 Temperature plots for chamber with PCM Floor and Walls during charging process ..................... 238 
Figure 5-58 Temperature plots for chamber with PCM Full during charging process ........................................ 239 
Figure 5-59 Temperature plots for chamber with PCM Full plus windcatcher during charging process ............ 240 
Figure 5-60 Average temperature plots of the Room for all the models during charging process. ..................... 241 
Figure 5-61 Box plot of the five models during charging process ...................................................................... 242 
xviii 
 
Figure 5-62 Distribution of temperatures during charging process for the five models ..................................... 243 
Figure 5-63 Air velocities inside the chamber during discharging process ........................................................ 244 









Cl, C2, σk,and σɛ : Realisable K-ɛ model constants, dimensionless 
Cp: Air specific heat [J/(kg K)] 
K: Turbulent kinetic energy [m2/s2] 
k: Air thermal conductivity [W/(m K)] 
L: Characteristic length [m] 
T: Temperature [K] 
Tο: Reference Temperature [K] 
Prt: Turbulent Prandtl number 
κ: Von Karman constant [dimensionless] 
ε: Dissipation rate of turbulent kinetic energy [m2/s3] 
ρ: Air density [kg/m3] 
µ: Air dynamic viscosity [Pa s] 
υ: Air kinematic viscosity [m2/s] 
β: Thermal expansion coefficient [1/K] 
A: Area [m2] 
B: A constant  
C: A constant 
D: Diameter [m] 
K: Loss coefficient 
P: Gauge pressure reading [Pa] 
Q: Air flow rate [L/s or m3/s] 
 
Subscripts 
F-L: Funnels, large 
F-S: Funnels, small 
Free: No funnels used; the module is free 
Dry: Dry condition 
Wet: Wet (saturated) condition 





ADC: Analogue to Digital Convertor  
CFD: Computational Fluid Dynamics  
DNS: Direct Numerical Simulation  
FVM: Finite Volume Method  
GUI: Graphical User Interface  
HVAC: Heating, Ventilation and Air Conditioning  
IAQ: Indoor Air Quality 
LES: Large Eddy Simulation 
LWS: Living Wall Systems 
MUX: Multiplexer 
PCM: Phase Change Material 
PM: Particulate Matter 
RANS: Reynolds Averaged Navier-Stokes  
RNG: Re-Normalisation Group 
SBS: Sick Building Syndrome 





Natural ventilation is the process of supplying and removing air through an indoor space by 
natural means. There are two types of natural ventilation occurring in buildings: wind-driven 
ventilation and buoyancy-driven ventilation. Efficient design for natural ventilation in 
buildings should implement both types of ventilation. Furthermore the architectural design of 
the windcatcher inlet affects its performance and influences the occupant’s human comfort. 
Combining the wind-driven and the buoyancy-driven ventilation will be investigated in this 
study using a windcatcher natural ventilation system. The effect of the windcatcher’s inlet 
design is also investigated to achieve better air flow and to increase the efficiency of 
windcatchers. Experimental studies of windcatcher systems are very costly and mostly 
impossible in practice. CFD (computational fluid dynamics) tools will be used in this research 
to simulate the air flow through a two sided windcatcher. Two dimensional and three 
dimensional simulations are performed using Ansys Fluent and CFD Ace + to obtain 
quantitative and qualitative analysis of velocity magnitude, flow patterns and ventilation flow 
rate. 
 
Furthermore, the increased pollution levels in cities highlights the importance of innovative 
strategies that can help to improve the quality of air introduced into buildings.  
Green walls have recently been used to help with this and even thermal comfort. Enhancing 
the flow distribution and air flow rate through active green wall modules will be studied in this 
research considering the different parameters involved such as module geometry, moisture 
content, growing-medium-plant-roots mix and plant type. The current work represents a 
detailed assessment of airflow through an active green wall module. Airflow distribution 
through the module, the effect of wetting the substrate, and the effect of introducing a cover to 
the module’s open top face were investigated, with the aim to improve the module’s design and 
achieve more appropriate and effective airflow. Four cases of both planted and unplanted 
modules under both dry and wet conditions are considered. This work’s primary observation is 
that more air will pass through a typical green wall substrate, and hence become cleansed, 
when the substrate is saturated wet more than when it is dry. The increase was substantial at 
approximately 50% more with 14.9 L/s total air flow rate passing through the wet planted 
module versus 10 L/s when dry. Reducing the 15.5 % of airflow passing through the module’s 
open top face was found to be essential to maximize the bio-filtration capacity. Adding a top 
xxii 
 
cover to the module having six 10 mm holes for irrigation decreased the airflow through the 
top by 6 %, and directed it through the filter increasing the percentage of air flow passing 
through the front openings from 79 % to 85 %.  
 
The effect of green walls on thermal comfort (Temperature and humidity) is also 
experimentally investigated. For the active modules, lower temperatures in the range of 1 to 3 
°C, along with increased humidity levels have been observed when modules are saturated wet, 
similarly passive modules provided lower temperatures in the range of 0.5 to 2 °C. None of the 
plant species studied showed any preference, indicating that the moisture content of the 
substrate plays the major role affecting the temperature and humidity variations. 
 
The effect of using phase change material (PCM) as a passive cooling technique on the 
performance of a windcatcher to meet the demand for thermal comfort, hence energy 
conservation and savings purposes, is studied in this research. Incorporating PCM located in 
the floor, ceiling and walls of a room as well as in the windcatcher’s inlet channel has shown 
the best performance. This set up provided a significant reduction of temperatures during the 
discharging process of about 3.61 ºC (equivalent to 9.33%) and an increase in the average 
temperatures of 3.40 ºC (equivalent to 15.70 %) during the charging process (solidification of 
PCM) compared with an empty room with no PCM. The effect of PCM on humidity was not 
significant as variations of maximum 3.88% is observed when PCM is used.  
 
The ultimate aim of this research is to develop a natural ventilating system to enhance a healthy, 
comfortable and energy efficient indoor environment; PCMs and green wall modules are 
appropriately incorporated.  
 
